Abstract Many flaviviruses are significant human pathogens. The plus-strand RNA genome of a flavivirus contains a 5′ terminal cap 1 structure (m 7 GpppAmG). The flavivirus encodes one methyltransferase (MTase), located at the Nterminal portion of the NS5 RNA-dependent RNA polymerase (RdRp). Here we review recent advances in our understanding of flaviviral capping machinery and the implications for drug development. The NS5 MTase catalyzes both guanine N7 and ribose 2'-OH methylations during viral cap formation. Representative flavivirus MTases, from dengue, yellow fever, and West Nile virus (WNV), sequentially generate GpppA ! m 7 GpppA ! m 7 GpppAm. Despite the existence of two distinct methylation activities, the crystal structures of flavivirus MTases showed a single binding site for S-adenosyl-L-methionine (SAM), the methyl donor. This finding indicates that the substrate GpppA-RNA must be repositioned to accept the N7 and 2'-O methyl groups from SAM during the sequential reactions. Further studies demonstrated that distinct RNA elements are required for the methylations of guanine N7 on the cap and of ribose 2'-OH on the first transcribed nucleotide. Mutant enzymes with different methylation defects can trans complement one another in vitro, demonstrating that separate molecules of the enzyme can independently catalyze the two cap methylations in vitro. In the context of the infectious virus, defects in both methylations, or a defect in the N7 methylation alone, are lethal to WNV. However, viruses defective solely in 2'-O methylation are attenuated and can protect mice from later wild-type WNV challenge. The results demonstrate that the N7 methylation activity is essential for the WNV life cycle and, thus, methyltransferase represents a novel and promising target for flavivirus therapy.
Introduction
The viral family Flaviviridae includes three genera of enveloped viruses: Flavivirus, Pestivirus, and Hepacivirus (Brinton, 1981; Westaway et al., 1985; Brinton, 2002) . About 70 viruses have thus far been found to contain a flavivirus-specific antigen and are classified as belonging to the genus Flavivirus (Westaway et al., 1985) . Many flaviviruses are significant human pathogens, including dengue virus serotypes (DENV) 1-4, yellow fever virus (YFV), tick-borne encephalitis complex virus (TBEV), Japanese encephalitis virus (JEV), Murray Valley encephalitis virus (MVEV), St. Louis encephalitis virus (SLEV), and West Nile virus (WNV). The spectrum of diseases caused by flaviviruses ranges from a mild febrile illness to hepatitis, hemorrhagic syndromes, and encephalitis and can be fatal (Asnis et al., 2000; Asnis et al., 2001; Kramer and Bernard, 2001; Shi et al., 2001; Shi et al., 2002a Shi et al., , 2002b .
Among flaviviruses, DENV has spread throughout the tropical and subtropical regions, mainly Southeast and South Asia, Central and South America, and the Caribbean (WHO, 2009a) . The four serotypes of DENV represent a major, rapidly growing public health problem, with an estimated 2.5 billion people at risk of the life-threatening diseases: severe dengue fever and dengue hemorrhagic fever (DHF)/dengue shock syndrome (DSS) . There are about 50 million to 100 million cases of dengue infection each year, with an estimated 500 000 cases of lifethreatening disease in the form of severe dengue, including DHF and DSS (WHO, 2009a) .
As is true for DENV, WNV occurs over a broad geographical range and in a wide range of vertebrate host and vector species, and has recently emerged as a significant human pathogen by spreading to the Western hemisphere. WNV was originally isolated in 1937 from the blood of a febrile patient from the West Nile Province of Uganda, and was subsequently found to be widely distributed throughout Africa, the Middle East, parts of Europe, Russia, India, and Indonesia. (Smithburn et al., 1940; Brinton, 2002) . Transmission of WNV predominantly involves mosquitoes of the genus Culex as vectors, and wild birds as the reservoir host. WNV has been reported to cause significant equine, avian, and in particular, human disease Petersen and Roehrig, 2001 ). In the human cases, infections by WNV as a result of a mosquitobite can cause severe central nervous system disease, including encephalitis and meningoencephalitis, potentially fatal infections of the brain. Since its first appearance in the northeastern United States in 1999, WNV has quickly spread along the Eastern Seaboard and to the West Coast of the US. WNV as an emerging pathogen will likely be an increasingly severe threat to much of the U.S. population. WNV has been classified as a potential bioterrorism pathogen by the National Institutes of Health (NIH) (2000) .
The World Health Organization has estimated annual human cases of more than 200 000, for YFV (WHO, 2009c) , and more than 50 000 for JEV (WHO, 2009b) , respectively. However, vaccines for humans are currently available only for YFV, JEV, and TBEV (Burke and Monath, 2001) . No clinically approved antiviral therapy is available for treatment of flavivirus infections. Therefore, the development of vaccines and antiviral agents for prevention and treatment of flavivirus infections is a clear public health priority (Kramer et al., 2007) . This article will review recent advances in our understanding of flavivirus RNA cap methylation, and the potential exploitation of flavivirus methyltransferase (MTase) as an antiviral target.
Characteristics of the flaviviral genome and replication
Flavivirus virions are spherical in shape with a diameter of 50 to 60 nm Perera and Kuhn, 2008; . The icosahedral nucleocapsid, about 30 nm in diameter, consists of capsid protein and genomic RNA, and is surrounded by a lipid bilayer in which the viral envelope and membrane proteins are embedded.
The flavivirus genome RNA is single-stranded and of positive (i.e., mRNA-sense) polarity. A cap is present at the 5′ end, followed by the conserved dinucleotide sequence 5′-AG-3′ (Cleaves and Dubin, 1979) . The 3′ end of the genome terminates with 5′-CU OH -3′ (Wengler and Wengler, 1981 ) rather than with a poly(A) tract. The viral genome is approximately 11 kb in length, consisting of a 5′ untranslated region (UTR), a single long open reading frame (ORF), and a 3′ UTR ( Fig. 1) (Rice et al., 1985; Shi et al., 2001 ). The single ORF of WNV, for instance, encodes a polyprotein of about 3433 amino acids, and has a gene order of 5′-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5-3′ (Fig. 1A) . The polyprotein is coand post-translationally processed by viral and cellular proteases into three structural proteins (capsid [C] , premembrane [prM] or membrane [M] , and envelope [E] ) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (Chambers et al., 1990) . The NS proteins are assumed to be involved primarily in the replication of viral RNA as part of a replicase complex. The majority of the WNV NS proteins are multifunctional. NS1, NS3 and NS5 are large and highly conserved, while NS2A, NS2B, NS4A and NS4B are relatively small and hydrophobic. Glycoprotein NS1 and its interaction with NS4A are required for RNA replication (Lindenbach and Rice, 1997; Muylaert et al., 1997; Lindenbach and Rice, 1999) . It was recently reported that NS2A functions during assembly and/or release of infectious flavivirus particles (Kummerer and Rice, 2002) . NS2B forms a complex with NS3 and is a required cofactor for the protease activity of NS3 (Chambers et al., 1991; Arias et al., 1993; Chambers et al., 1993; Falgout et al., 1993) . NS3 is a multi-functional protein with activities of serine protease (with NS2B as a cofactor), 5′-RNA triphosphatase (RTPase), nucleoside triphosphatase (NTPase), and helicase (Wengler and Wengler, 1991; Warrener et al., 1993; Li et al., 1999) . The functions of the membrane-associated NS4A and NS4B are not known. NS5 has RNA-dependent RNA polymerase (RdRp) activity (Tan et al., 1996; Ackermann and Padmanabhan, 2001; Guyatt et al., 2001 ) and has homology with MTases, which are involved in methylation of the 5′ RNA cap structure (Koonin, 1993; Egloff et al., 2002; Ray et al., 2006) . Recently, NS5 was also found to carry RNA guanylyltransferase (GTase) activity (Issur et al., 2009) . Upon flavivirus infection, the plus-strand genomic RNA is transcribed into a complementary minus-strand RNA, and that, in turn, serves as the template for the synthesis of more plus-strand genomic RNA (Chambers et al., 1990) . The synthesis of flavivirus plussense and minus-sense RNAs is asymmetric; plus-sense RNA is produced in 10-to 100-fold excess over minussense RNA (Muylaert et al., 1996; Diamond et al., 2000) . modification is involved in pre-mRNA processing and transport from the nucleus, in recruitment of mature mRNAs to the ribosomes, and in protection of mRNAs from degradation (Bisaillon and Lemay, 1997; Hodel et al., 1999; Furuichi and Shatkin, 2000) . In the cap structure, a guanosine residue blocks the 5′-terminal base of the mRNA or viral RNA via a unique 5′-5′ triphosphate linkage GpppN, where the penultimate "N" nucleoside is derived from the RNA transcript. The blocking guanosine, for almost all cellular and viral mRNAs, contains a methyl group at the N7 position (m 7 GpppN), generally referred to as cap0 (Furuichi and Shatkin, 2000; Shuman, 2001; Fabrega et al., 2004; Gu and Lima, 2005; De la Pena et al., 2007) . In small nuclear RNAs, a m 2,7 GpppN or m 2,2,7 GpppN cap structure is often found instead of m 7 GpppN. The mRNA caps for animal cells and their viruses are generally further modified by methylation at the ribose moiety (2'-OH) of the first, or the first two, transcribed nucleotide(s), respectively, leading to the formation of so-called "cap1" (m structures. When adenosine is found at the penultimate position, the N6 position of adenosine can also be methylated.
The cap structure is generally synthesized by several enzymatic reactions. A common mechanism, entailing either three or four steps, has been proposed for the cap formation (Fig. 1B) . In step1, the RNA triphosphatase removes the 5' γ-phosphate of a primary transcript, and in step 2 RNA GTase then donates a GMP moiety, derived from GTP, to form a 5'-5' triphosphate linkage, typical for a cap structure. In step 3, the cap is methylated at position 7 of the terminal guanosine by guanine-N7 RNA MTase, using S-adenosyl-L-methionine (SAM or AdoMet) as the methyl donor, and yielding a cap0 and a by-product Sadenosyl-L-homocysteine (SAH or AdoHcy). Quite often, specific RNA (nucleoside-2'-O)-MTase then acts on the riboses of the first nucleotides, respectively giving rise to cap1 in step 4 (Barbosa and Moss, 1978; Furuichi and Shatkin, 2000) . Some organisms may also contain cytoplasmic enzymes that can further methylate the RNA molecule to generate the cap2 structure (Furuichi and Shatkin, 2000) .
Alternative pathways to generate the cap structure have also been found. For example, the minus-strand RNA vesicular stomatitis virus (VSV) transfers the 5-monophosphate of the RNA to GDP (Abraham et al., 1975; Ogino and Banerjee, 2007) ; the plus-strand RNA alpha viruses methylate GTP prior to the transfer of m 7 GMP to the 5-diphosphate of the RNA (Ahola and Kaariainen, 1995) . The order of capping and methylation is variable among cellular and viral RNAs (Furuichi and Shatkin, 2000) . In the majority of cases, the N7 and 2'-O MTase reactions are catalyzed by two distinct enzymes or two separate domains of one large protein (Cong and Shuman, 1992; Furuichi and Shatkin, 2000; Shuman, 2001; Moure et al., 2006) . Flavivirus NS5 protein (Ray et al., 2006 ) and the L protein of VSV are the only two known examples of capping MTases that exhibit both N7 and 2'-O-MTase activities but have a single SAM-binding site; that configuration indicates that one active site or one protein domain exists for two enzymatic activities (see below).
In flaviviruses, the NS3 carries RNA triphosphatase activity (Wengler and Wengler, 1991; Warrener et al., 1993; Li et al., 1999) ; all of the remaining enzymatic activities (RNA GTase, N7 MTase, and 2'-O MTase) have been recently mapped to the N-terminal domain of NS5 protein (Fig. 1B) (Koonin, 1993; Egloff et al., 2002; Ray et al., 2006; Issur et al., 2009 ).
Flaviviral MTase

Identification of flavivirus MTase
NS5 of flavivirus is located at the C-terminal portion of the viral polyprotein. It is the largest and the most highly conserved of the flaviviral proteins (Chambers et al., 1990; Brinton, 2002) . The NS5 C-terminal region has long been known to contain motifs characteristic of RdRps (Kamer and Argos, 1984; Koonin, 1991) . The existence of flavivirus NS5 MTase was predicted in 1993, through the identification of a SAM-binding motif that is characteristic of the SAM-dependent MTase, within the N-terminal domain of NS5 (Koonin, 1993) .
The MTase activity of an NS5 N-terminal fragment (amino acids (AA) 1-296) of DENV-2 was first biochemically confirmed as an RNA nucleoside 2'-O MTase (Egloff et al., 2002) . Egloff et al. reported that the flavivirus NS5 MTase can methylate the nucleoside-2'-O ribose of short artificial capped RNA substrates (GpppAC 5 and m 7 GpppAC 5 ) (Egloff et al., 2002) . No N7 MTase activity was observed under their experimental conditions. Recently, both N7 and 2'-O MTase activities were discovered, for both full-length NS5 and an NS5 MTase domain (AA 1-300) of WNV, when an authentic WNV RNA substrate representing the first 190 nucleotides (nt) of the WNV genome was used (Ray et al., 2006; Dong et al., 2007) . The dual N7 and 2'-O MTase activities were later confirmed for MTases from other representative flaviviruses such as DENV-1, DENV-2, YFV, and Powassan virus (PWV) Zhou et al., 2007; Kroschewski et al., 2008; Milani et al., 2009; Chung et al., 2010) . Therefore, it is highly likely that flavivirus encodes the NS5 MTase as a general mechanism for dual methylations of the viral RNA cap.
Flaviviral MTase substrate specificity
It has been noted that the assay conditions were different between the earlier DENV-2 MTase and the later WNV studies. Zhou et al. sought to optimize conditions for the individual N7 and 2'-O assays, and found that the optimal assay conditions for N7 and 2'-O MTase activities differed (Zhou et al., 2007) . The most significant difference is that the optimal pH for the N7 reaction is neutral, pH 7, whereas the optimal pH for 2'-O MTase reaction is pH 10. In contrast to the latter finding, the earlier DENV-2 study has been performed at neutral pH (Egloff et al., 2002) . However, this single difference does not suffice to explain the absence of N7 activity in the earlier DENV-2 study (Egloff et al., 2002) .
Across various experimental systems that have been used to assay flaviviral MTase activities, the N7 MTase activity was only observed when a long authentic viral RNA substrate was used (Ray et al., 2006; Dong et al., 2007; Zhou et al., 2007; Kroschewski et al., 2008; Milani et al., 2009; Chung et al., 2010) . When nonviral short GpppAC 5 or m 7 GpppAC 5 substrate or nonviral-specific RNA substrates were used, N7 MTase activity could not be detected (Egloff et al., 2002; Dong et al., 2007; Mastrangelo et al., 2007; Peyrane et al., 2007; Kroschewski et al., 2008; Lim et al., 2008) . Indeed, when an authentic RNA substrate representing the first 70 to 211 nt of the DENV-2 genome or the authentic WNV substrate (190-nt) was used, the N7 MTase activity of the DENV-2 or DENV-1 MTase was detected Zhou et al., 2007; Kroschewski et al., 2008; Milani et al., 2009; Chung et al., 2010) . The observed cross-genus activities of cap methylation between DENV MTases and WNV RNA substrate could result from the conserved 5′ terminal nucleotides and the RNA structure present in the two flaviviruses (Brinton and Dispoto, 1988; Dong et al., 2007) . Therefore, the N7 MTase activity appears to be strictly dependent on a virus-specific RNA substrate. . The stem-loop structure formed by the 5′ terminal 74 nt of the WNV genome was predicted by the Mfold program (Zuker, 2003 (Fig. 1C) . They found that distinct RNA elements are required for the methylations at guanine N7 on the cap and at ribose 2'-OH on the first transcribed nucleotide. In a WNV model, N7 cap methylation requires specific nucleotides at the second (G) and third (U) positions, and a 5′ stem-loop structure (although not specificity of the sequence within the stem loop structure); in contrast, 2'-OH ribose methylation requires specific nucleotides at the first (A) and second (G) positions, with a minimum 5′ viral RNA length of 20 nt. In addition, Egloff et al. found that the binding of small RNAs to the DENV-2 MTase was higher when the RNA substrates contained the first two authentic viral nucleotides than when non-authentic sequence was used, confirming the important role of the 5′-terminal nucleotides for both N7 and 2′-O-MTase activities (Egloff et al., 2007) . Further investigations showed that cap analogues, GpppA and m 7 GpppA, are not active substrates for the WNV MTase . For the flavivirus 2'-O MTase activity, many studies have shown that non-viral short RNA can serve as a 2'-O MTase substrate (Egloff et al., 2002; Mastrangelo et al., 2007; Peyrane et al., 2007; Kroschewski et al., 2008; Lim et al., 2008; Selisko et al., 2010) . Moreover, Selisko et al. investigated the length requirement for the 2'-O MTase substrate (Selisko et al., 2010) . They found that the DENV-2 MTase can perform 2'-O methylation of substrate m 7 GpppAC n or GpppAC n when n≥2, and that the 2'-O MTase activity increased with RNA substrate length, reaching a plateau for RNAs containing 6 or 7 nt.
Flaviviral MTase processivity
Using authentic long WNV GpppA-RNA substrate, Ray et al. performed kinetic analysis of the methylation of substrate GpppA-RNA by the WNV MTase (Ray et al., 2006) . The results showed that guanine N7 methylation was first detected and ribose 2'-O methylation only became evident after accumulation of the N7 methylated cap. These observations suggest a sequential methylation of RNA cap in the order of GpppA ! m 7 GpppA ! m 7 GpppAm, indicating that guanine N7 methylation precedes ribose 2'-O methylation. Zhou et al. confirmed the sequential nature of the flaviviral N7 and 2'-O MTase reactions, using MTases from other representative flaviviruses such as DENV-1 and YFV (Zhou et al., 2007) .
Recently, Dong et al., using mutants of the WNV MTase defective in either N7 or 2'-O activity, further demonstrated that the two N7 and 2'-O methylation events are independent in vitro; the independence was evidenced by efficient N7 methylation of GpppA-RNA ! m GpppAm-RNA (Dong et al., 2008a) . The N7-independent 2'-O methylation was also observed for other flavivirus MTases, when short nonviral RNA substrates were used (Egloff et al., 2002; Mastrangelo et al., 2007; Selisko et al., 2010) . These results suggested two alternative methylation pathways in vitro:
GpppAm-RNA, and GpppA-RNA ! GpppAm-RNA ! m 7 GpppAm-RNA.
To investigate the processivity of flavivirus MTase, Dong et al. performed detailed kinetic analysis of the N7 and 2'-O MTase reactions (Dong et al., 2008a) . They found that the 2′-O methylation activity prefers substrate m 7 GpppA-RNA over GpppA-RNA. In contrast, the presence of a 2'-O methyl group in the cap structure was not seen to affect the N7 methylation efficiency. Since the N7 methylation has no preference between substrates GpppA-RNA and GpppAm-RNA, the substrate preference of 2'-O methylation for m 7 GpppA-RNA could thus be the factor that determines the dominant pathway of WNV cap methylation as GpppA-RNA ! m 7
GpppA-RNA ! m 7 GpppAm-RNA (Dong et al., 2008a) . Recently, Chung et al. reported steady-state kinetic studies of the N7 and 2'-O methylations by the DENV-2 MTase (Chung et al., 2010) . They found that N7 methylation precedes 2′-O methylation; the former reaction turns over RNA faster (k cat ), resulting in 2.4-fold higher catalytic efficiency. Michaelis constants for SAM in both reactions were about 10-fold lower than the constants for the RNA substrates, suggesting that the rate-limiting steps in the two methylase reactions were associated with RNA templates.
Crystal structures of flavivirus MTases
The first crystal structure of flavivirus MTase was determined for the DENV-2 MTase by Egloff et al. in 2002 (Egloff et al., 2002 . Since 2006, the recognition of the dual methylation activities of flaviviral MTase makes the enzyme an attractive model in the study of RNA methylation mechanisms. The crystal structures of MTases have since been determined for seven other flaviviruses, namely WNV (Zhou et al., 2007) , Meaban virus (MEAV) (Mastrangelo et al., 2007) , MVEV (Assenberg et al., 2007) , Wesselsbron virus (WESSV) (Bollati et al., 2009c) , YFV , Yokose virus (YOKV) (Bollati et al., 2009b) , and Modoc virus (MODV) ). In addition, crystal structures of several flaviviral MTases in complex with SAM (co-factor), SAH (byproduct), and/or cap analogs or inhibitors have been determined (Egloff et al., 2002; Benarroch et al., 2004; Assenberg et al., 2007; Egloff et al., 2007; The crystal structures of flavivirus MTase domains reveal that these MTases belong to the so-called SAMdependent MTase superfamily. Members of this class of enzymes utilize the methyl donor SAM to methylate substrates, and the enzymatic reaction generates SAH as a by-product ( Fig. 2A) . Roughly around 120 types of SAMdependent MTases have been classified based on their substrate specificity (small molecule, lipid, protein, nucleic acid, etc.) and on the target atom (nitrogen, oxygen, carbon, sulfur, etc.) (Fauman et al., 1999) .
To date, crystal or nuclear magnetic resonance (NMR) structures of over one hundred SAM-dependent MTases have been reported (Fauman et al., 1999; Martin and McMillan, 2002) . Most of these structures show a common core structure referred to as a "SAM-dependent MTase fold" (Fig. 1B) (Fauman et al., 1999; Martin and McMillan, 2002) . The SAM-dependent MTase fold is an open α/β/α sandwich structure. The central part of the core structure is a seven stranded β-sheet. The order of the strands is generally 3214576 (Fig. 1B) , with strand 7 antiparallel to all other parallel strands. Helices X, A, and B are located on one side of the β-sheet, and helices C, D, and E on the other. This basic core structure is conserved in all SAM-dependent MTases, despite very low or even completely lack of sequence identity. Modifications usually occur outside the core structure. Some of the proteins have additional domains that play roles in substrate recognition or in separate reactions (Fauman et al., 1999; Martin and McMillan, 2002) . Nearly all SAM-dependent MTases display a central cleft between β-strands 1 and 4. This cleft has been described as the active site, where SAM and the substrate bind, and where the methyl transfer occurs (Fig. 2B,C) (Hodel et al., 1996; Fauman et al., 1999; Hodel et al., 1999; Martin and McMillan, 2002) . The binding sites for the methyl acceptors vary considerably, because the substrates themselves vary significantly in size and physical characteristics (e.g., protein, DNA, RNA, lipid, small molecule, etc.).
All flaviviral MTase structures are composed of three subdomains. The core subdomain, consisting of a sevenstranded β-sheet surrounded by four α-helices, shows a typical SAM-dependent MTase fold (Fig. 2C, cyan) . In addition to the core structure, there are an N-terminal subdomain (Fig. 2C, red) and a C-terminal subdomain (Fig. 2C, green) .
Analysis of these structures, coupled with structurebased mutagenesis studies, has led to the definition of three functionally critical regions in the MTase structure:
(1) the SAM-binding site; (2) a GTP-binding site for capbinding; and (3) a highly conserved and positively charged surface groove as a putative RNA-binding site (see below) ( Fig. 2C-E 
Structural and sequential conservations of flavivirus MTases
The flavivirus MTase was first identified through sequence analysis as a sequence motif that was conserved across the SAM-dependent MTases (Koonin, 1993) . Further bioinformatic analysis and structure-based alignment indicated the presence of eight of the nine conserved MTase motifs involved in SAM-binding and catalysis (Malone et al., 1995; Egloff et al., 2002) . Bollati et al. analyzed 34 sequences of flavivirus MTases and found three conserved patches on the MTase surface (Egloff et al., 2009b) . We extended that analysis by considering all 61 currently available sequences of flavivirus MTases (Supplemental Fig. 1 ). Among the 265 residues (according to the WNV sequence), for the 61 flavivirus MTases, we found that 25 residues are invariant, 21 have one variation, five have two variations, and four have three variations (Supplemental Fig. 1 ). When we mapped the sequence-conserved residues on the MTase structures, we found them to form a large continuous surface (with most residues having > 85% sequence identity (Fig. 2D , left-hand image; colored red)) covering the SAM-binding site, GTP-binding site, and the putative RNA-binding site (Fig. 2D ). In addition, two smaller conserved patches are found on the MTase surface; relative to the surface shown in Fig. 2D (left-hand image), one is to the right side of the larger conserved face (Fig. 2D , middle image) and one is on the opposite (back) face (Fig. 2D , right-hand image). The side patch is composed of residues W121, N122, G263, T264, and R265 (numbering and residue identity are according to the WNV sequence). Although the functional significance of this small conserved patch is unknown, we can speculate that it is important in mediating the intramolecular interactions with the RdRp domain of the flavivirus NS5 protein, giving that the G 263 T 264 R 265 are the C-termini of the NS5 MTase domain. The small conserved surface on the "back" surface is formed by residues W64, R68, V207, R208, P210, S212, N214, L240, and R243. The functional significance of this surface is also unknown.
Structural and functional studies of flaviviral MTases
Since the discovery of flavivirus MTase and the determinations of MTase structures, extensive mutagenesis has been performed on residues considered as potentially essential for the MTase functions (Egloff et al., 2002; Ray et al., 2006; Zhou et al., 2007; Dong et al., 2008a Dong et al., , 2008b Kroschewski et al., 2008; Geiss et al., 2009 GpppA and SAH (PDB: 2P3O) (Egloff et al., 2007 (Fig. 2F ) (Egloff et al., 2002; Zhou et al., 2007; Bollati et al., 2009c; Geiss et al., 2009 ). Co-crystallization of flavivirus MTases with SAM, SAH, or SAM analogs further confirmed that the cofactor SAM, the by-product SAH, and SAM analogs bind identically in the SAM-binding pocket of the MTase (Assenberg et al., 2007; Mastrangelo et al., 2007; Bollati et al., 2009b Bollati et al., , 2009c Jansson et al., 2009) . Crystal contact analysis of the WNV MTase structure indicated that as many as 20 residues are within 4Å distance to contact the bound SAH molecule (Fig. 2F) . These residues are S56, G58, G81, C82, G83, G85, G86, W87, T104, K105, G106, H110, E111, V130, D131, V132, F133, D146, I147, and E149. With the exception of three residues, K105 (30% conserved), V130 (40%), and F133 (61%), all of the residues are well conserved (including eight invariant ones) among flavivirus MTases (Supplemental Fig. 1) . Therefore, the SAM/SAH-binding pocket is highly conserved (Fig. 2D) .
We recently determined the crystal structure of the WNV MTase in complex with an MTase inhibitor, sinefungin (SIN), which is a SAM analog, at 2.0Å resolution (Liu and Li, unpublished results). Upon examination of the crystal structures of the WNV MTase-SIN and MTase-SAH complexes (Zhou et al., 2007) , we observed an additional pocket that is an extension of the cavity holding the adenine base of SAM or one of the SAM analogs (SAH or SIN) (Fig. 2D) . The extended pocket is nearly squareshaped with approximate dimensions of 8 Å Â 9 Å, and5 Å deep. Further analysis indicated that a pocket similar to the WNV SAM-pocket extension exists in all known structures of flavivirus MTases (data not shown) (Egloff et al., 2002; Assenberg et al., 2007; Mastrangelo et al., 2007; Zhou et al., 2007; Bollati et al., 2009b Bollati et al., , 2009c Geiss et al., 2009; Jansson et al., 2009) . Interestingly, however, upon examination of known structures of SAM-utilizing proteins (over 100 structures available), we found that the extended pocket is specific to the flaviviral MTases, as it has not been seen in structures of other SAM-utilizing proteins (data not shown). These results indicate that the additional pocket is not only a general but also a characteristic feature of flavivirus MTase structures.
The nature of the extended pocket is mainly hydrophobic, and is formed by residues F133, I147, G148, E149, R160, R163, V164, and L184 of the WNV MTase (Fig. 2F) . Sequence alignment of flavivirus MTases indicated that residues at positions 133, 147, 148, 149, 160, 163, and 164 , and 184 of the WNV MTase are conserved among flaviviruses (Supplemental Fig. 1) (Mastrangelo et al., 2007; Zhou et al., 2007) . Among these residues, G148 and E149 are completely conserved. Except for F133 (61% conservation), all of the residues within this pocket are over 90% conserved among 61 flavivirus MTases (Supplemental Fig. 1 ). In addition, structure-based sequence alignment indicated that the sequence conservation of these residues only occurs among flavivirus MTases, but not among other SAM-dependent MTases, nor, on a broader scale, among other SAM-utilizing proteins (data not shown, and Egloff et al., 2002) . Moreover, Dong et al. recently found that mutagenesis of R160 to alanine greatly reduces the N7 MTase activity (Dong and Li, unpublished data) . Therefore, the flavivirusconserved additional pocket is a unique and possibly important feature of flavivirus MTases.
A number of residues (S56, W87, T104, H110, E111, D131, V132, F133, D146, I147, and E149), all of which except F133, are over 90% conservative among flavivirus MTases, making side-chain contacts with the bound SAH/ SIN molecule. Although slight differences were observed for binding of the SAM/SAH/SIN molecule to different flavivirus MTases (Davidson, 2009 ), the bound co-factor/ by-product/inhibitor molecule is stabilized by a number of shallow groove where the co-factor, represented in green sticks, and the substrate bind. The side and the back of the molecule are respectively shown in the middle and right-hand images. The surface is colored according to conserved residues, resulting from the multiple alignment of 61 sequences of flaviviral MTases: > 85% conserved (red); 70%-85% conservation (green); 60%-70% conservation (magenta); 50%-60% conservation (cyan), and not conserved ( < 50%) (white). The bound SAH is depicted in a stick representation in the left-hand image. Three important binding sites and the additional pocket are labeled. E: GRASP (Nicholls et al., 1991) surface representation of the electrostatic potential of the WNV MTase, showing the three flavivirus-conserved binding sites for SAH/SAM, GTP, and RNA. The surface is colored blue for positive (15 kT), red for negative ( -15 kT) and white for neutral, where k is the Boltzmann constant and T is the temperature (Nicholls et al., 1991) . GTP was modeled according to the DENV-2 MTase-GTP complex (PDB: 2P1D) (Egloff et al., 2002) . The bound SAH and GTP molecules are represented in white rods. The putative RNA-binding site is indicated by the area of strongly positively charged residues. F: Close-up view of amino acids involved in the formation of the SAMbinding pocket and the newly identified additional pocket of the WNV MTase. Residues are labeled and shown in a stick representation, with atom colors as follows: carbon, yellow; oxygen, red; and nitrogen, blue. Hydrogen bonds are shown as orange dashed lines. SAH is shown in a green stick representation. G: Close-up view of the GTP-binding pocket of the DENV-2 MTase (PDB: 2P1D) (Egloff et al., 2002) . GTP is depicted in a green stick representation. MTase residues are labeled and shown in a yellow stick representation. Atom colors are as in panel (F). H: Residues important for N7 methylation (left) and 2'-O methylation (right) are summarized on the surface of the WNV MTase. Residues whose mutations led to severe reductions in activity to < 20% of the WT activity are in red; residues whose mutation led to moderate activity reductions to 20% to 60% of the WT activity are in green. SAM is shown in a cyan stick representation. hydrogen bonds, some of which are contributed by sidechain atoms of MTase residues S56 (Oγ), H110 (Nδ1), E111 (Oε2), D131 (Oδ2), and D146 (Oδ1) (Fig. 2F) (Dong et al., 2008b) .
Extensive mutagenesis has been performed on the SAMcontacting residues of the WNV and DENV-2 MTases (Ray et al., 2006; Zhou et al., 2007; Dong et al., 2008b; Kroschewski et al., 2008) . Those studies showed that mutations of residues predicted to be involved in SAMbinding (such as S56, G81, G83, G85, W87, K105, H110, E111, D131, I147, D146, and E149) reduced, and in some cases abolished, either the N7 or the 2'-O methylation, or both. Collectively, these data confirmed that only one SAM-binding site is required for the methylations of the two N7 and 2'-O positions of the viral RNA cap.
The GTP-binding site
A novel GTP-binding site was discovered when crystals of the DENV-2 MTase were soaked with a GTP analog GDPMP. The new GTP-binding site was proposed to interact with the cap structure so as to properly position the 2'-OH of the first transcribed adenosine during 2'-O methylation (Egloff et al., 2002) . Since that initial recognition, crystal structures of the DENV-2, MVEV, and WESSV MTases in complex with either the GTP analog (ribavirin triphosphate) or cap analogs (m 7 GTP, GpppA, m 7 GpppA, GpppG, m GpppG, and m 7 GpppGm) in the crystal structures of flavivirus MTase-dinucleotide complexes, the guanosine moiety of the cap dinucleotide analogs is always bound in the GTP-binding pocket in identical fashion (Egloff et al., 2002; Benarroch et al., 2004; Assenberg et al., 2007; Egloff et al., 2007; Bollati et al., 2009c; Geiss et al., 2009 ). Overall, these structures clearly defined the molecular interactions between the MTase and the GTP cap (Fig. 2G) .
In contrast to structures of the cellular GTP cap-binding proteins, in which the GTP cap is usually sandwiched between two aromatic residues, the flavivirus MTase binds GTP with only one aromatic residue F25 (equivalent to F24 in WNV) base stacking with the guanine ring (Egloff et al., 2002) . Limited polar interactions were also observed between the guanine base and flavivirus MTase. The mainchain hydroxyl oxygens of N18 and Leu20 form hydrogen bonds with the guanine N2 atom. The limited interaction between the guanine base and MTase implies that flavivirus MTase can bind both methylated and unmethylated GTPs (Egloff et al., 2002 ). This conclusion was confirmed by determinations of the crystal structures of flaviviral MTases in complex with unmethylated GTP analogs (Egloff et al., 2002; Benarroch et al., 2004; Assenberg et al., 2007; Egloff et al., 2007; Bollati et al., 2009c) . In addition, Dong et al. demonstrated that the WNV MTase can perform its 2'-O MTase function with either a methylated or an unmethylated RNA substrate (Dong et al., 2008a) . However, the 2'-O methylation activity prefers substrate m 7 GpppA-RNA over GpppA-RNA (Dong et al., 2008a) . The structural basis for this selection is unknown, since no specific contact was observed between the N7 methyl group of the guanine cap and the flavivirus MTase, in the structures of the MTase-cap analog complexes. In addition to the MTaseguanine cap interactions, several MTase residues form side-chain hydrogen bonds with the bound GTP analog (Fig. 2G) . A side chain oxygen of N18 forms a hydrogen bond with the 2'-OH of the ribose, the side chain of K14 interacts with both 2'-OH and 3′-OH groups through two hydrogen bonds, and the α-phosphate of GTP forms hydrogen bonds with the side chains of K29 and S150 (Fig. 2G ). In addition, hydrogen bonds were observed between the YFV MTase residue R213 and the GTP γ-phosphate oxygen, and between the MTase S215 and the GTP α-phosphate oxygen .
Sequence alignment shows that the GTP-binding site is conserved among flavivirus MTases, although albeit to a lesser degree than is the case for the SAM-binding site ( Fig. 2D and Supplemental Fig. 1 ). Among the MTase residues contributing specific contacts with the bound GTP or analogs, R213 and S215 are invariant, and K14, N18, F25, K29, and S150 are 89%-95% conserved; however, P152 is less than 40% conserved among flavivirus MTases (Supplemental Fig. 1 ). Mutagenesis of MTase residues involved in the GTP-binding pocket has been performed for the DENV-2 and WNV MTases (Egloff et al., 2002; Dong et al., 2008b; Geiss et al., 2009) . Mutation of F25 to alanine was found to abolish or greatly reduce the GTP binding to the DENV-2 MTase (Egloff et al., 2002; Geiss et al., 2009 ). Functional studies showed that an F24A mutation of the WNV MTase significantly affected both N7 and 2'-O MTase activities (Dong et al., 2008b) . Although point mutations of other GTP-contacting residues, such as N18A and K29A, greatly decreased the GTPbinding ability in the DENV-2 MTase (Egloff et al., 2002; Geiss et al., 2009) , mutations of equivalent residues in the WNV MTase did not affect the N7 MTase activity of the enzyme. However, these mutations did reduce the 2'-O activity of the WNV MTase to various degrees (Dong et al., 2008b) . Overall, mutations of various GTP-contacting residues (other than F25) did not have any significant effects on the N7 activity, but they all caused various reductions in 2'-O activity (Dong et al., 2008b) . Furthermore, Dong et al. showed that GTP and cap analog GpppA specifically inhibited 2'-O methylation in a dose-dependent manner, whereas N7 methylation activity was not affected. Therefore, it has been proposed that the GTP-binding pocket functions only during the 2'-O methylation (Dong et al., 2008b). 7.3 The RNA-binding site Crystal structures of several flaviviral MTases in complex with cap analog dinucleotides have been determined (Assenberg et al., 2007; Egloff et al., 2007; Bollati et al., 2009c; Geiss et al., 2009 ). However, these structures provide little information regarding the RNA binding, since the second nucleotide following the GTP cap is distant from the methyl donor SAM, resulting in a conformation for the 2'-OH not suitable for MTase catalysis. Therefore, the conformations may not be physiological ones.
No crystal structure is available for an authentic RNAMTase complex. The N7 RNA-MTase complex would be particularly difficult to crystallize, since it entails a long authentic RNA substrate with secondary structural elements. However, comparison of the existing structures of flaviviral MTases indicated that a common feature of the flavivirus MTases is a highly positively charged surface adjacent to the SAM-and GTP-binding sites; such strong positively charged surface is not seen in other regions (Fig. 2E) (Egloff et al., 2002; Zhou et al., 2007) . The positively charged region is likely the site for binding of the capped RNA substrates. Superposition of the structures of the VP39 2'-O and Encephalitozoon cuniculi (Ecm1) N7 MTases in complex with their RNA substrates (Hodel et al., 1998; Fabrega et al., 2004) onto the WNV MTase structure indicated that the RNA substrates lie along the positively charged region (Dong et al., 2008b) .
Sequence alignment indicated that the positively charged putative RNA-binding site is conserved among flavivirus MTases (Fig. 2D and Supplemental Fig. 1) . Dong et al. performed extensive mutagenesis of residues within this putative RNA-binding site (Dong et al., 2008b) . Together with results of earlier mutagenesis studies (Ray et al., 2006; Zhou et al., 2007) , the results showed that two distinct sets of amino acids in the RNA-binding site are required for the N7 and 2'-O methylations. The effects of individual mutations on the two methylation events could be categorized into four groups (Fig. 2H): (1) Residues (R37, R57, W87, and D146) were critical for both methylation activities. Point mutations of these residues reduced both methylation activities to < 20% of that of the WT enzyme. (2) Residues (E149 and R84) were selectively important for the N7 methylation activity. Point mutations of these amino acids dramatically suppressed the N7 methylation, but had minor or no effect on the 2'-O methylation activity. (3) Amino acids (L16, E34, K61, K182, L184, E218, and Y254) were selectively important for the 2'-O methylation activity. Point mutations of these residues substantially suppressed the 2'-O methylation, but not the N7 methylation. (4) Residues were not important for either methylation activity.
Overall, the mutagenesis results demonstrated that distinct sets of amino acids are required for the N7 and 2'-O methylations. On the MTase surface, residues critical for the 2'-O methylation are more spread out than those important for the N7 methylation; also, more residues are critically involved in the 2'-O methylation than are involved in the N7 methylation. These results suggest that the RNA substrate binds in different positions on the enzyme surface during the two methylation reactions. In addition, further experiment indicated that point mutation within the RNA-binding site is not sufficient to decrease RNA-MTase complex formation, likely because the complexes are formed through multiple contact sites (Dong et al., 2008b) .
Mechanism of flavivirus MTase activities
Mechanistic studies on model chemical reactions involving SAM indicated that nucleophilic attack occurs exclusively at the methyl group of SAM; that finding led to the conclusion that methyl transfer from SAM is a classic S N 2 reaction requiring a linear arrangement of the nucleophile, methyl carbon, and thioester leaving group in the transition state (Fauman et al., 1999) . It was proposed that O-, N-, and S-methylations occur via a straightforward attack of oxygen, nitrogen, or sulfur lone electron pairs on the SAM methyl group (Fauman et al., 1999) .
Vaccinia virus protein VP39 is a representative, and the most extensively studied, RNA 2'-O MTase. The crystal structure of the VP39-AdoHcy-m 7 GpppGA 5 complex revealed the geometry of the catalytic center in the context of bound substrates (Hodel et al., 1998) . It was proposed that the VP39 MTase utilizes a classic S N 2 reaction mechanism for the methylation, possibly involving deprotonation of the target 2′-hydroxyl, so as to generate an attacking nucleophile for the methyl carbon center, followed by a direct S N 2 in-line displacement (Hodel et al., 1999) .
From sequence and structure comparisons, a putative catalytic tetrad K-D-K-E that is conserved among various 2'-O MTases was proposed to catalyze an S N 2-reactionmediated 2'-O methyl transfer (Schnierle et al., 1994; Hodel et al., 1998; Egloff et al., 2002; Hager et al., 2002) . The tetrad is common to several families of site-specific MTases that modify 2'-hydroxyl groups of riboses in mRNA, rRNA, and tRNA. In the DENV-2 MTase, the tetrad is K61-D146-K181-E217 in (Egloff et al., 2002) , and in WNV it is K61-D146-K182-E218 (Ray et al., 2006; Zhou et al., 2007) . Structural alignment of the flavivirus MTase with the VP39 tertiary complex (MTase, a short RNA with cap, and SAH) (Hodel et al., 1998) showed that the K-D-K-E tetrad is nearly superimposable between the two enzymes. In addition, the side chain of K181(DENV)/ K182(WNV) is within hydrogen-bonding distance of the target ribose 2'-hydroxyl of the modeled RNA substrate. K181/K182 of the flavivirus MTase was proposed to be the catalytic center serving as a general base (Egloff et al., 2002; Zhou et al., 2007) . Acid/base catalysis has been suggested in the mechanisms of other MTases, for instance, the plant 4-OMTase ChOMT and IOMT (Zubieta et al., 2001) and the N-MTase PRMT3 (Zhang et al., 2000) , SET7/9-AdoMet (Kwon et al., 2003) , PvuII DNA cytosine N4 MTase (Gong et al., 1997) , histamine HNMT (Horton et al., 2001) , and gunaidinoacetate MTase (Komoto et al., 2002) .
The KDKE model requires that K181/K182 be in the deprotonated form. Interestingly, several studies indicated that the optimal pH for the WNV and DENV-2 2'-O MTase reactions is pH 10 Zhou et al., 2007) . Since the pKa of Lys is at pH 10, a high pH would facilitate the deprotonation of K182, in turn favoring the deprotonation of the 2'-OH, leading to efficient formation of the S N 2-like transition state, so as to accomplish the methyl transfer (Hodel et al., 1998; Hager et al., 2002) . However, results of several more recent studies indicated that the 2'-O MTase activity could frequently be detected at neutral pH, when short artificial capped RNA substrates were used (Mastrangelo et al., 2007; Peyrane et al., 2007; Kroschewski et al., 2008; Lim et al., 2008; Selisko et al., 2010) . Deprotonation of K182 at neutral pH suggests that the pKa of this amino group is lower than 10. A similar decrease in pKa has previously been suggested for RrmJ, a heat shockinduced RNA 2'-O MTase (Hager et al., 2002) . The pKa of a lysine sidechain has been found to be decreased in aldolases, in which the lysine was sited in a hydrophobic microenvironment (Barbas et al., 1997 ). An alternative mechanism for the perturbation of the pKa of an amine is that chemical tuning of a reactive lysine for Schiff base formation at neutral pH can be accomplished, at least in part, by positioning in proximity to a neighboring protonated lysine residue that electrostatically perturbs the pKa of the amine nucleophile (Frey et al., 1971; Kokesh and Westheimer, 1971; Highbarger et al., 1996) . Therefore, the pKa of the catalytic lysine in flavivirus MTase may be decreased as a result of the proximity of the amine to the positive charges from the SAM sulfur atom and the amine group of the other lysine in the catalytic triad.
Biochemical mutagenesis of the WNV MTase showed that 2'-O methylation has a strict requirement of charge and side-chain length for the conserved KDKE motif (Ray et al., 2006; Zhou et al., 2007) . All of the KDKE mutations abolished 2'-O methylation, confirming these residues' essential role in flavivirus 2'-O MTase activity. In contrast, N7 methylation requires only the D146 within the tetrad; all of the other residues facilitate, but are not essential for N7 methylations. These results suggested that the N7 active site is different from the 2'-O site on the MTase (Ray et al., 2006; Zhou et al., 2007) .
In contrast to the S N 2-reaction mediated mechanism for 2'-O methylation, an in-line mechanism was suggested for N7 methylation by the determination of the structure of Ecm1 N7 MTase (Fabrega et al., 2004) : no direct contact is observed between residues of the enzyme and either the attacking nucleophile N7 atom of guanine, the methyl carbon of SAM, or the leaving group sulfur of SAH. Instead, the catalysis is achieved through the close proximity and proper geometry of the two substrates (Fabrega et al., 2004) . Superposition of the structures of the WNV and DENV-2 MTases onto that of the Ecm1 N7 MTase-substrate complex (Fabrega et al., 2004) did not suggest any steric hindrance between the guanosine cap analogue and the WNV and DENV-2 MTases (data not shown), providing structural feasibility for a mechanism analog to that for the Ecm1 N7 MTase reaction (Dong et al., 2008b) . However, an understanding of the mechanism of flavivirus N7 methylation requires structure determination for the flavivirus MTase in complex with an authentic or N7-reactive RNA substrate. GpppAm. However, the crystal structures of flavivirus MTases (Egloff et al., 2002; Assenberg et al., 2007; Mastrangelo et al., 2007; Zhou et al., 2007; Bollati et al., 2009b Bollati et al., , 2009c Geiss et al., 2009; Jansson et al., 2009 ) have all shown a single SAHbinding site. Alignment of the flaviviral MTase structures with that of the Ecm1 N7 MTase-substrate complex (Fabrega et al., 2004) or with that of the VP39 2'-O MTase-substrate complex (Shiryaev et al., 2006) did not suggest any steric hindrance between the RNA substrate and flavivirus MTase (Mastrangelo et al., 2007; Dong et al., 2008b) , providing structural plausibility for the flavivirus MTase to catalyze both methylation reactions. These data, together with the results of mutagenesis and footprinting Dong et al., 2008a Dong et al., , 2008b , led us to propose a molecular "repositioning" model for flavivirus RNA cap methylation (Zhou et al., 2007; Dong et al., 2008a Dong et al., , 2008b (Fig. 3) . Under this hypothesis, viral RNA is positioned in distinct ways on the MTase surface during the two methylation reactions. The guanine N7 is first positioned in proximity to the methyl group of SAM, to generate m GpppAm-RNA. Our model is consistent with mutagenesis data indicating that distinct sets of amino acids are required for the N7 and 2'-O methylations (Dong et al., 2008b) (Fig. 2H) , although currently it is not known how the RNA substrate is re-positioned on the enzyme during the sequential N7 and 2'-OH methylation reactions; three non-mutually exclusive scenarios can be envisaged (Fig. 3) . In the first scenario (Fig. 3A) , the substrate translocates on the same enzyme molecule, after N7 methylation, to complete the 2'-O methylation (a translocation model) (Zhou et al., 2007) . Under this mechanism, the substrate will first bind in the N7 configuration to complete the N7 reaction, and will then translocate, on the same enzyme molecule, to complete the 2'-O methylation. Since SAM, the methyl donor, will be converted to SAH during the N7 MTase reaction, a fresh SAM molecule is required to displace the by-product SAH for the following 2'-O methylation reaction. As an alternative mechanism, in scenario 2 (Fig. 3B) , the substrate dissociates from one enzyme molecule after the first N7 methylation, and re-associates with a second enzyme molecule for the second 2'-O methylation (a dissociation and re-association model) (Dong et al., 2008b) . This scenario is reminiscent of the RNA capping for the reovirus λ2 (Reinisch et al., 2000) and bluetongue virus (Sutton et al., 2007) : the N7 and 2'-O methylations are sequentially executed by two separate MTase domains. In the third scenario (Fig. 3C) , the GpppA-RNA substrate binds in one configuration, on one MTase, to catalyze the N7 methylation, and a second MTase dimerizes the MTase-RNA complex to catalyze the 2'-O methylation (a dimerization model).
Recently, using the WNV MTase mutants with defects in either 2'-O or N7 activity, Dong et al. demonstrated that mutant enzymes with different methylation defects can trans complement one another in vitro (Dong et al., 2008a) . In addition, sequential treatment of GpppA-RNA with distinct MTase mutants generates fully methylated m 7 GpppAm-RNA, demonstrating that separate molecules of the enzyme can independently catalyze the two cap methylations in vitro (Dong et al., 2008a) . Further studies indicated that N7 methylation of GpppA-RNA ! m 7 GpppA-RNA and of GpppAm-RNA ! m 7
GpppAm-RNA occurred with equal efficiency. However, while the WNV MTase can perform 2'-O methylation of both GpppA-RNA ! GpppAm-RNA and m 7 GpppA-RNA ! m 7 GpppAm-RNA, the 2'-O methylation activity exhibits a preference for substrate m 7 GpppA-RNA over GpppA-RNA (Dong et al., 2008a) . Recently, Chung et al. performed kinetic studies to elucidate the mechanisms of the processive N7 and 2'-O methylations of flavivirus MTase (Chung et al., 2010) . Chung et al. demonstrated that sequential N7 to 2'-O methylations occurred via a random bi bi and processive mechanism that does not involve enzyme-RNA dissociation. Analyses of steady state kinetic parameters showed that N7 precedes 2'-O methylation, because it turns over RNA more rapidly. Michaelis constants for SAM in both reactions were about 10-fold lower than those for the respective RNA substrates, suggesting that the rate-limiting steps in methylase reactions are associated with RNA templates. In addition, Assenberg et al. observed a crystallographic dimer of the WVEV MTase in the structure of a flaviviral MTase complexed with GpppA and SAM (Assenberg et al., 2007) . Although the GpppA dimer observed in the cocrystal structure is not in a catalytically relevant binding state, the authors proposed that the MTase dimer represents the structure of the methylation complex, supporting a dimerization model (Assenberg et al., 2007) .
In addition, Egloff et al. hypothesized that the first step in flavivirus capping entails the binding of a GTP to the GTP pocket of NS5 MTase, followed by binding of an asyet unidentified GTase, so as to transfer the GTP to nascent diphosphate RNA (Egloff et al., 2007) . Then, the capped RNA is repositioned to allow methylation at the guanine-N7 position. Once N7 is methylated, the cofactor SAM is reloaded, and the capped RNA is repositioned such that the methylated cap is in the GTP binding pocket, this registering the 2'-OH of the adenosine ribose for 2'-O methylation. As support for this hypothesis, Issur et al. recently found that the flavivirus NS5 MTase domain also carries RNA GTase activity (Issur et al., 2009 ).
Flaviviral MTase functions
The biological functions of flavivirus MTase have been evaluated through the use of flavivirus replicon and fulllength infectious clones of DENV-2 and WNV (Ray et al., 2006; Zhou et al., 2007; Dong et al., 2008b; Kroschewski et al., 2008) . Ray et al. first used a luciferase-reporting WNV replicon to demonstrate that (1) the GpppA cap of the WNV replicon is critical for viral translation, and (2) N7 methylation, but not 2'-O methylation, of the cap increases viral translation efficiency, compared to unmethylated cap RNA (Ray et al., 2006) .
Further characterization of flaviviral MTase in the context of the viral lifecycle was performed in infectious clones of WNV and DENV-2 (Zhou et al., 2007; Dong et al., 2008b; Kroschewski et al., 2008) . A clear correlation was found between the competency of N7 MTase activity and viral replication; also, virus viability required a threshold level of N7 MTase activity. In the context of the full-length virus, a defect in N7 methylation alone or defects in both N7 and 2'-O methylations are lethal to WNV; however, viruses defective solely in 2'-O methylation are only attenuated, and can protect mice from later challenge with the wild-type WNV (Zhou et al., 2007) . Similar findings were obtained when the DENV-2 infectious clone was used (Kroschewski et al., 2008 ). The results demonstrate that the N7, but not 2'-O, methylation activity is essential for the WNV lifecycle (Zhou et al., 2007; Dong et al., 2008b; Kroschewski et al., 2008) .
Flavivirus MTase inhibitors
Many flaviviruses cause significant human disease. However, currently no clinically approved antiviral therapy is available for treatment of flavivirus-associated diseases. Given that flavivirus MTase has been shown to be essential for the replication of WNV Zhou et al., 2007) , KUNV (Khromykh et al., 1998) , YFV (Bhattacharya et al., 2008) , and DENV (Kroschewski et al., 2008) , the viral MTase represents a novel and attractive target for flavivirus therapy. In addition, because the N7 MTase activity, but not 2'-O activity, is essential for the virus lifecycle, emphasis should be placed on compounds that can achieve inhibition of N7 methylation activity, when MTase inhibitors are being developed.
Various inhibitors have been found through the use of a variety of techniques including cell-based assay and virtual screening (Benarroch et al., 2004; Luzhkov et al., 2007; Dong et al., 2008b Dong et al., , 2008c Lim et al., 2008; Bollati et al., 2009a; Milani et al., 2009; Puig-Basagoiti et al., 2009; Sampath and Padmanabhan, 2009; Podvinec et al., 2010; Selisko et al., 2010) . Ribavirin 5-triphosphate, a GTP analog, was found to inhibit 2'-O methylation of the DENV-2 MTase by competing with GTP-binding (Benarroch et al., 2004) . However, it is not known whether ribavirin inhibits the N7 MTase activity of flavivirus MTase. It has been shown that ribavirin suppresses viral growth through other mechanisms as well (Dong et al., 2008c; Bollati et al., 2009a) . When virtual screening was applied to compound libraries, several inhibitors were found to inhibit the 2'-O MTase activity with IC 50 (50% inhibition concentration) values in the micromolar range (Luzhkov et al., 2007; Milani et al., 2009; Podvinec et al., 2010) . Among these compounds, however, only one compound was test for inhibition of the N7 MTase activity; an IC 50 of 127 μmol/L was found for it . None of the other compounds were tested for their N7 inhibition activity. Using a cell-based assay, PuigBasagoiti et al. identified a compound that inhibited the WNV N7 MTase activity with an IC 50 of 54 μmol/L (PuigBasagoiti et al., 2009). They also found that the compound inhibited the growth of various flaviviruses with an EC 50 (50% effective concentration) in the low micromolar range (Puig-Basagoiti et al., 2009 ).
In addition, we and others have found that SIN, a SAM analog, is a potent flavivirus MTase inhibitor (Dong et al., 2008b; Lim et al., 2008; Selisko et al., 2010 (Dong et al., 2008b) . SIN was also found to inhibit the 2'-O MTase activity of DENV-2 with an IC 50 of less than 0.7 μmol/L Selisko et al., 2010) . Recently, we found that SIN inhibited the N7 MTase activity of DENV-2 with an IC 50 of 0.7 μmol/L (Dong, Liu, Shi and Li, unpublished results) . Viral titer reduction assays showed that SIN can suppress WNV replication, with an EC 50 of approximately 27 μmol/L, and a therapeutic index of 167 for SIN inhibition against WNV in cell culture (Dong et al., 2008b) . These results suggest that SIN analogs have the potential to be developed for flavivirus therapy. The availability of the crystal structure of the NS5 MTase-SIN complexes may promote designing such inhibitor, as well as evaluating the lead compounds identified from the drug screen.
Concluding remarks
During the last several years, our understanding of flavivirus capping machinery has grown rapidly, although the answers to many important questions remain elusive. The biochemical characterization of flavivirus NS5 MTase has had a major impact on our understanding of flavivirus capping. Now we know that NS5 MTase plays a major role in RNA cap formation. The MTase domain of NS5 possesses both N7 and 2'-O MTase activities. It can sequentially catalyze the methylations of guanine N7 and ribose 2'-OH to generate N7-methylated and dual (N7 and 2'-O)-methylated RNA molecules. Crystal structures of flaviviral MTases reveal that the MTase uses a single SAM-binding site for both reactions, indicating that the substrate must be repositioned between the dual methylation events. However, the details of the repositioning are currently unknown. Although various models have been proposed for the mechanism of sequential dual methylations, it is currently not known whether one molecule or two of the MTase are involved in cap methylations. It is also unclear whether the substrate dissociates from the MTase upon N7 methylation. In addition, whether the MTase dimerizes during the dual methylations has not been established. Single-molecule fluorescence resonance energy transfer (smFRET) studies may be required to clarify the dual methylation mechanism.
In contrast to the majority of capping enzymes, which lack substrate specificity, flavivirus MTase is now known to require specific viral sequences and structures for the N7 MTase activity and to a lesser extent for the 2'-O MTase activity. Crystal structures of MTases from several flaviviruses and the complexes of these MTases with cap analogs or cap dinucleotide analogs have been determined. These structures have significantly advanced our understanding of the flavivirus MTase, providing a firm basis for functional analysis. However, the cap analogs in the crystals are not in biologically functional configurations. Structures of the MTase in complex with N7 and 2'-O substrates in biologically meaningful configurations will be required to elucidate the structural basis of substrate specificity of the flavivirus MTases.
Functional studies indicated that the N7, but not 2'-O, MTase activity is essential for WNV replication. The N7, but not 2'-O, methylation of the viral RNA cap was also found to increase viral translation efficiency. Mutations with defects in the N7 MTase activity are lethal to WNV. However, thus far the essential role of the N7 MTase has only been evaluated in WNV (Zhou et al., 2007; Dong et al., 2008b) , and only limited mutagenesis was performed in a DENV-2 infectious clone (Kroschewski et al., 2008) . More experimentation needs to be done to extend the conclusion from WNV to other flaviviruses. In addition, little is known about the role of 2'-O methylation in the viral lifecycle. Viruses defective solely in 2'-O methylation are attenuated and can protect mice from later challenge with wild-type WNV (Zhou et al., 2007) . It was found that host innate immune response to WNV infection is dramatically delayed, relative to the response to infection by other RNA viruses (Fredericksen and Gale, 2006) . Recent studies have also shown that nucleoside modifications, including 2'-O methylations, could allow the virus to evade RNA-triggered innate immune response (Hornung et al., 2006) . Whether 2'-O MTase activity is involved in perturbing the host immune response requires further investigation.
The essential role of flavivirus N7 MTase makes the enzyme an attractive anti-viral drug target. Various promising inhibitors have been found. Among these inhibitors, SIN, a SAM analog, has been extensively investigated. However, since SAM is also a methyl donor for host RNA and protein methylations, its analogs would nonspecifically suppress host MTases, resulting in toxicity. Therefore, identification of features unique to the flaviviral MTase is critical for the design of specific inhibitors of the viral MTase. Indeed, through analysis of crystal structures of the MTase in complex with SAM/SAH/SIN, we found a pocket extension from the SAM-binding pocket (Fig. 2D ) (Liu and Li, unpublished results). The pocket is structurally and sequentially conserved among flaviviral MTases, but not among the broader grouping of host SAM-utilizing enzymes. Preliminary studies indicated that the pocket is functionally important for both MTase functions and viral replication (Dong, Liu, Shi and Li, unpublished results) . Therefore, SIN analogs bearing modifications that allow the analogs to interact with the additional pocket may display flaviviral specificity, making them potential specific inhibitors of the flaviviral MTase.
